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tween sites in biomolecules. Rotation of gem-dimethyls in commonly used nitroxides causes spin echo dephasing times (Tm)
to be too short to perform DEER measurements at temperatures between ~80 and 295 K, even in immobilized samples. A spi-
rocyclohexyl spin label has been prepared that has longer Tm between 80 and 295 K in immobilized samples than conventional
labels. Two of the spirocyclohexyl labels were attached to sites on T4 lysozyme introduced by site-directed spin labeling. Inter-
spin distances up to ~4 nmwere measured by DEER at temperatures up to 160 K in water/glycerol glasses. In a glassy trehalose
matrix the Tm for the doubly labeled T4 lysozyme was long enough to measure an interspin distance of 3.2 nm at 295 K, which
could not be measured for the same protein labeled with the conventional 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-(methyl)
methanethio-sulfonate label.INTRODUCTIONPulsed electron paramagnetic resonance (EPR) dipolar
spectroscopy (PDS) is among the best techniques for
accurate measurement of the conformations of flexible re-
gions of biomolecules (1–4). Nitroxide attachment to sites
introduced by site-directed mutagenesis benefits from the
relatively small size of spin labels that cause minimal struc-
tural perturbation. If the spin echo dephasing time, Tm, of
the spin label is too short, it is difficult to perform PDS.
The experiments are commonly done in a glassy matrix at
%80 K because Tm for most nitroxides decreases rapidly
at higher temperatures due to rotation of the gem-dimethyl
groups at rates comparable to the anisotropy in the elec-
tron-proton hyperfine coupling. At temperatures above
~140 K, Tm in glassy matrices decreases due to softening
of the matrix, which increases motions that modulate g
and A anisotropy. For many purposes it would be desirable
to study distances near ambient temperature, which will
require probes without methyl groups and improved
methods to decrease mobility of the probes and proteins to
which they are attached.
PDS measures the magnetic dipole-dipole interaction
between spin labels, detected by either double electron-
electron resonance (DEER) or double quantum coherence
(DQC). DEER, also known as pulsed electron doubleSubmitted September 23, 2014, and accepted for publication January 14,
2015.
*Correspondence: geaton@du.edu
Przemys1aw J. Boratynski’s present address is Department of Organic
Chemistry, Wroc1aw University of Technology, 50-370 Wroc1aw, Poland.
Editor: David Cafiso.
 2015 by the Biophysical Society
0006-3495/15/03/1213/7 $2.00resonance (PELDOR), was first performed using three mi-
crowave pulses (1). A fourth pulse was later added to
compensate for instrument dead time (2), and this is currently
the most widely employed pulse sequence. In the 4-pulse
DEER experiment (Fig. 1) three microwave pulses at the
probe frequency (n1) generate an electron spin echo. The
times t1 and t2 between probe pulses are held constant.
Pulses at the pump frequency (n2) flip the spins of neigh-
boring unpaired electrons, which alters the magnetic field
experienced by the spins that were excited at the probe fre-
quency (3). Varying the time, T, between the second probe
pulse and the pump pulse modulates the amplitude of the
spin echo (4). The modulation frequency is proportional to
the magnetic dipole-dipole interaction between the two
spin labels. This dipolar interaction has a 1/R3 dependence,
where R is the interspin distance.
For typical Rz 2 to 4 nm measured in biomolecules by
DEER, the dipolar interaction frequency is ~6.5 to 0.8 MHz,
so the amplitude of the spin echo oscillates with a period
ranging from 1/6.5 to 1/0.8, which is z 0.15 to 1.2 ms. To
define the oscillations accurately, the data acquisition period
should encompass several oscillation periods. A sufficiently
long data acquisition window is especially important when
the dipolar oscillations are broadened because of the wide
distributions of distances that are typical in doubly labeled
biomolecules. The length of the data acquisition window
is limited to the time between the second and third probe
pulses. As the time between these pulses is increased,
the amplitude of the echo decreases exponentially with
time constant Tm and the signal/noise ratio (SNR) in the
DEER data decreases. Thus, as Tm increases, so does thehttp://dx.doi.org/10.1016/j.bpj.2015.01.015
FIGURE 2 Nitroxide radicals.
FIGURE 3 Temperature dependence of log(1/Tm) at X-band for 1, 2, and
3 in glassy mixtures. Data for 1 and 2 in water/glycerol are reproduced from
(11). To see this figure in color, go online.
FIGURE 1 Pulse sequence for 4-pulse DEER. The spin echo is formed
with pulses at the probe frequency, n1, with constant t1 and t2, whereas
the pump pulse at n2 is stepped by varying T. The resulting signal is a mea-
sure of the modulation of the amplitude of the spin echo from spins excited
at n1 by the pump pulse at n2.
1214 Meyer et al.measurable interspin distance, along with the accuracy with
which the distribution of distances can be defined.
The dipolar interaction is averaged to zero by isotropic
tumbling, so motional averaging has to be minimized, and
doubly labeled biomolecules, including the spin-labeled
side chains, must be immobilized. As R increases, a greater
degree of immobilization is necessary, e.g., the relevant
correlation times should be much longer than 1/(2p 
6.5 MHz) z 0.02 ms and 1/(2p  0.8 MHz) z 0.2 ms for
R ¼ 2 and 4 nm, respectively.
Two works reporting pulsed dipolar spectroscopy mea-
surements near physiological temperatures were published
during the course of this work. Both used triarylmethyl (tri-
tyl) radicals as spin labels and immobilized the protein or
nucleic acid on a solid support. Double mutants of T4 lyso-
zyme (T4L) were attached to a solid sepharose bead and
then labeled with a substituted trityl. Tm was 700 ns at
4C. The DQC method (5) at 17.2 GHz and 4C was em-
ployed to measure distances of 1.8 and 2.1 nm (6). Nucleic
acid spin labeled with trityl radical was immobilized on an
ion exchange sorbent, NucleosilDMA. D2O was used to
maximize Tm, which was 1.4 ms at 310 K. DQC evolution
was acquired out to ~2 ms and the distance measured was
~4.6 nm (7). The anisotropy in the EPR spectra of trityls
is too small to permit DEER measurement of interspin dis-
tances at the fields and frequencies that are currently used.
Nitroxides are smaller, less hydrophobic, and less likely
to perturb protein structures than trityl. The common
nitroxide spin labels, such as 1-oxyl-2,2,5,5-tetramethyl-3-
pyrroline-3-(methyl)methanethio-sulfonate (1), abbreviated
MTSL (Fig. 2), have gem-dimethyl groups, which provide
steric shielding of the N-O moiety for adequate persistence
of the nitroxide radical.
The temperature dependence of 1/Tm for spin labels 1–3
at X-band is shown in Fig. 3. Below ~80 K, spin echo
dephasing for nitroxide radicals is dominated by nuclear
spin diffusion involving predominantly solvent nuclei (8).
As the temperature is increased above ~80 K, rotation of
the methyl groups in 1 and in other methyl-containing nitro-
xides at rates comparable to the anisotropy in the hyperfine
couplings to the methyl protons, becomes a highly effective
dephasing mechanism (9,10). The resulting increase in 1/TmBiophysical Journal 108(5) 1213–1219above ~80 K (Fig. 3) (8) puts a practical limit of T%80 K
for PDS measurements of interspin distances for methyl-
containing labels including 1. The maximum effect of this
dephasing process is at ~150 K (Fig. 3). Replacing the
gem-dimethyl groups with spirocyclohexyl groups elimi-
nates the methyl group effect and decreases 1/Tm dramati-
cally at temperatures T > 80 K, as previously illustrated
for the spirocyclohexyl analog of TOAC, 2 (11), and other
structurally related spirocyclohexyl nitroxides (12). The
spirocyclohexyl nitroxides also are more resistant to bio-
reduction than MTSL-like nitroxides (11,13,14). In glassy
or frozen solvents softening of the matrix with increasing
temperature permits increasing motional modulation and
averaging of g and A anisotropy, which also increases
1/Tm. In water/glycerol, these motions dominate the in-
crease in 1/Tm for 1 above ~180 K and for 2 above ~150
K (Fig. 3). In matrices with higher melting points, such as
sucrose/trehalose or sorbitol, the matrix remains relatively
rigid up to substantially higher temperature, and the increase
in 1/Tm with increasing temperature is more gradual than in
water/glycerol (Fig. 3).
Our strategy for obtaining DEER measurements at a
temperature above 80 K relies on increasing Tm (decreasing
1/Tm) by replacing methyl groups by spirocyclohexyl
Distance Measurement at Room Temperature 1215groups, and decreasing the motional averaging of g and A
anisotropy by immobilization of the doubly labeled protein
in glassy water/glycerol (measurements up to 160 K) or
in a disaccharide (trehalose) glassy matrix (measurements
at room temperature). Trehalose matrices are commonly
used to preserve proteins (15–17) and have been used to
immobilize proteins for flash photolysis studies of reaction
kinetics (18). We now report the synthesis of spirocyclo-
hexyl iodoacetamide 3 (Fig. 2) and DEER distance mea-
surements from 80 to 160 K and at room temperature
using T4L spin labeled with 3.MATERIALS AND METHODS
Synthesis of iodoacetamide spirocyclohexyl spin
label 3
Spirocyclohexyl piperidone (11,19) was subjected to reductive amination
(20) to convert carbonyl to primary amine, which was then converted to
an amide using chloroacetyl chloride (21). With the primary amine group
protected as an amide, the secondary amine within the piperidine ring
was oxidized to nitroxide using meta-chloroperoxybenzoic acid. Finally,
replacement of chloride with iodide via nucleophilic substitution gave
spin label 3 with chemical yield of 31% after 4 steps at optimum reaction
conditions (Scheme S1 in the Supporting Material). Using solutions of tem-
pone in dichloromethane as a reference, the EPR spin count was calculated
to be 96 5 5%. DPPH powder (g ¼ 2.0037) was used as a standard for
determination of g-values. Further details concerning synthesis and charac-
terization of label 3 (and its synthetic intermediates) are described in the
Supporting Material.EPR sample preparation
T4L mutants were expressed as previously described (22). Following cation
exchange, the protein was incubated at room temperature for 2 h with a five-
fold molar excess of spin label 3 that was dissolved in dimethylformamide,
and then stored on ice overnight. The samples were then gel filtered using a
Superdex 75 column with 9/6 buffer (9 mM 3-(N-morpholino)propanesul-
fonic acid, 6 mM Tris, 50 mM NaCl, 0.02% sodium azide, and 0.1 mM
EDTA at pH 7.2), at a flow rate of 0.7 mL/min. The sample was collected
and concentrated with a 10 kDa molecular mass cutoff concentrator. Spin
concentration was determined using a Bruker EMX spectrometer (Billerica,
MA). The same procedure was used to prepare a sample of T4L labeled
with MTSL at positions 65/80. The designation 65/80 indicates that spin-
labeled cysteines are at positions 65 and 80.
DEER measurements were performed on T4L spin labeled at positions
61/135 (72 mM), 65/135 (85 mM), and 65/80 (130 mM) in the amino acid
sequence (22). Samples for DEERwere contained in 1.6 mm outer diameter
quartz EPR tubes. For measurements at liquid nitrogen temperatures, glyc-
erol was added to the buffer to achieve a final concentration of 24%. To
perform DEER at room temperature, the spin-labeled protein was immobi-
lized in a thoroughly dried trehalose matrix that was prepared as follows. A
10-fold excess by mass of lysozymewas added to the 65/80 T4L in buffer to
decrease local concentrations of spins in the glass and decrease intermolec-
ular dipolar contacts (23–25). The mixture of lysozyme with spin-labeled
T4L was combined with 0.2 M trehalose and allowed to dry on a watch
glass in air. As the sample dried, trehalose replaced the hydrogen bonds
that the protein lost with water (18). The resulting glassy residue was in-
serted into an EPR tube and was further dried by evacuation for ~48 h.
The mole ratio of components in the resulting sample is ~2000:1 treha-
lose/T4L to minimize intermolecular spin-spin interactions in the glassy
sample after the water evaporates.EPR spectroscopy
Relaxation and DEER data were collected at Q-band (34 GHz) on a Bruker
E580 system with a 1 W amplifier, Super Q-FT bridge, Bruker ER 5107D2
pulse ENDOR resonator, and an Oxford CF935 cryostat. Tm and T1 were
determined by spin echo decay and inversion recovery, respectively. The
shot repetition time (SRT) used for DEER measurements was calculated
as 1.2 times T1. The long component of T1 fit to a double exponential func-
tion was used for this calculation. Before each DEER measurement, a field-
swept echo-detected spectrum was recorded to determine the field position
of the maximum echo amplitude (Fig. S1). The magnetic field and probe
frequency were selected for resonance at this position in the spectrum.
The pump frequency was set 37 MHz below that of the probe frequency,
allowing adequate separation between pulses (see the Supporting Material).
The probe pulse length was selected to maximize echo intensity and was
typically set to p/2 ¼ 40 ns for experiments from 80 to 160 K. The pump
pulse length was held constant at p¼ 40 ns. The echo was digitized starting
at the full-width at half-maximum amplitude using a gate equal to the echo
width at this amplitude. Additional unwanted echoes were removed using
8-step phase cycling (26).
At temperatures between 80 and 160 K the spin echo decays for samples
containing spin label 3 fit best to a stretched exponential, which is consis-
tent with domination of the dephasing by nuclear spin diffusion (8). By
contrast, the echo decays for methyl-containing 1 at temperatures above
80 K fit best with a simple exponential that occurs when a dynamic process
dominates the decay (11). The difference in the shapes of the echo decays
for labels 1 and 3 supports the assertion that the longer values of Tm for 3
than for 1 are due to replacement of the methyl groups by spirocyclohexyls
and elimination of the contribution of methyl rotation to the echo dephas-
ing. The shapes of the echo decays at room temperature for T4L labeled
with 3 or with MTSL are different than that measured for T4L labeled
with 3 between 80 and 160 K. A simple exponential function fits well at
295 K, which is consistent with domination of echo dephasing by motional
averaging of anisotropy (8). With these fitting parameters, the Tm for the
dried trehalose sample of T4L labeled with 3 decreased from 3.6 ms at
80 K to 920 ns at 295 K. As a consequence, the DEER acquisition window
was decreased from 4 ms at 80 and 160 K to 1.5 ms at 295 K. T1 was also
dramatically shorter at room temperature, allowing the SRT for DEER to
be reduced from 1500 ms at 80 K to 50 ms at 295 K. A Bruker SpecJet II
was used to digitize the signal at this short SRT. At 295 K the maximum
DEER echo was achieved with a 52 ns pump pulse. The data acquisition
at room temperature was performed with 2900 scans, 8 phase cycles (26),
50 ms SRT, 500 shots per point, and 390 points for a total time of
226,200 s, or 2 days and 15 h.Data analysis
DEER data were analyzed using DEERAnalysis2011 (27). The inherent
background arising from spin labels on neighboring proteins was subtracted
using homogenous background subtraction (Fig. S2). The background for
samples prepared in water/glycerol (80 and 160 K) fit best using a dimen-
sionality of 3.3, although the trehalose sample at 80 and 295 K were fit us-
ing dimensionality between 3 and 3.3. These differences in dimensionality
may arise from the dissimilar physical properties of the matrices. The start-
ing point in the data array for background subtraction was chosen based on
the shape of the Pake pattern (see Figs. S3, 5 B, and S5 B). Dipolar evolution
curves were fit using Tikhonov regularization with a ¼ 100 for 61/135 and
65/135 and a ¼ 10 for 65/80 for the water/glycerol samples. A regulariza-
tion parameter of a ¼ 100 was used for the trehalose sample at 80 and 295
K temperatures. The selection of different a parameters was guided by the
corner of an L-curve formed by varying the fitting parameters with respect
to sharpness of peaks in the distance distribution and smoothness of the fit
function (Fig. S4 for the water/glycerol samples, data not shown for the
trehalose sample) (28). To select between neighboring points on the L-
curve, the fit to the time domain background subtracted data was examined.Biophysical Journal 108(5) 1213–1219
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Electron spin relaxation times of the
spirocyclohexyl spin label 3
Values of 1/Tm for the iodoacetamide form of the spirocy-
clohexyl spin label moiety, 3, and the amino acid analog 2
in ~50% water/glycerol from 100 to 190 K at X-band are
shown in Fig. 3. Throughout this temperature range 1/Tm
for 2 and 3 is substantially smaller (Tm is substantially
longer) than for the widely used spin label MTSL (1),
because these new labels do not contain the gem-dimethyls
that enhance spin echo dephasing for MTSL in this temper-
ature range. For all of the spin labels in water/glycerol, 1/Tm
increases (Tm decreases) rapidly with increasing tempera-
ture above ~180 K due to softening of the glass and the onset
of motions that average g and A anisotropy (29). When 2 or
3 is immobilized in matrices with higher glass transition
temperatures (sorbitol or sucrose/trehalose) the temperature
dependence of 1/Tm above 180 K is much more gradual than
in water/glycerol (Fig. 3).Spin-labeled T4L relaxation and DEER, 80–160 K
Relaxation time measurements at Q-band for spin label 3
attached to T4L in water/glycerol were conducted between
80 and 160 K (Table 1). For each of the spin labeled sites,
the values of Tm at Q-band (Table 1) are similar to that for
2, and 3 in water/glycerol at X-band (Fig. 3 and Table
S1). Frequency independence of echo dephasing is consis-
tent with a dominant contribution from nuclear spin diffu-
sion (8). Attachment of the label to the protein has little
impact on Tm because the label is on the exterior of the pro-
tein in a largely aqueous environment. The weak tempera-
ture dependence between 80 and 160 K is attributed to the
onset of low amplitude local motion of the probe, which is
largely independent of its attachment to the protein. For
example at 160 K Tm for 3 attached to the proteins in wa-
ter/glycerol is 3.1 to 3.5 ms (Table 1) and for 3 in water/glyc-
erol is 2.7 ms (Fig. 3). The strongly temperature-dependent
values of T1 for spin-labeled T4L in this temperature inter-
val at Q-band (Table 1) are similar to those reported for 2 in
1:1 water/glycerol at X-band (Table S1) (30). The ~T2.7
temperature dependence of T1 is consistent with domina-
tion of the relaxation by a local mode, which is frequencyTABLE 1 Temperature dependence of Tm and T1 (ms) at
Q-band for T4L samples labeled with 3 in 24% glycerol
Temp (K)
61/135 65/135 65/80
Tm T1 Tm T1 Tm T1
80 4.0 1700 4.1 1600 4.1 1600
100 4.0 900 4.0 950 4.0 1000
120 3.7 620 3.8 520 3.9 570
140 3.4 400 3.7 330 3.7 400
160 3.1 260 3.5 190 3.3 280
Biophysical Journal 108(5) 1213–1219independent (29). In this temperature range the Boltzmann
population difference between the two electron spin states
decreases approximately linearly with temperature. The
decrease in T1 permits shorter SRT, and averaging of more
scans per unit time, at higher temperature. SNR improves
approximately as the square root of the number of scans,
so a T2.7 dependence of T1 should permit sufficient
decrease in SRT to compensate for the decrease in Boltz-
mann population, at constant Tm.
The SNR for the DEER experiments performed at 80
and 160 K are similar (Fig. 4). For each mutant total acqui-
sition time was kept constant: 70 h for T4L 61/135, 40 h
for 65/135, and 44 h for 65/80. The slight decrease in the
SNR of the raw data when temperature is increased from
80 to 160 K is attributed to the nonnegligible decrease in
Tm. If Tm were constant, the use of shorter SRT that is
permitted by the decrease in T1 would compensate for
the decrease in Boltzmann population at higher tempera-
ture (4). Even with slightly decreased SNR at 160 K, the
same time window could be used at 80 and 160 K. The dis-
tance distributions are very similar at 80 and 160 K for all
three samples (Fig. 4). Table 2 provides a comparison of
distances obtained for T4L labeled with 3 measured at 80
and 160 K, in addition to distances obtained at 77 K by
DQC using spin label 1. These data demonstrate that spin
label 3 permits DEER measurements in water/glycerol up
to substantially higher temperatures than are accessible
when MTSL (1) is the spin label. At 140 to 150 K the
Tm for MTSL either as a small molecule (Fig. 3) or
attached to a protein is ~200 to 300 ns, which is too short
to be useful for DEER.Room temperature DEER
A central limitation to performing room-temperature DEER
is the very short Tm relaxation time, which decreases the
available acquisition window. Tm at Q-band was 550 ns at
295 K for a dried trehalose sample of T4L 65/80 labeled
with methyl-containing MTSL. Spin label 3, without
methyl groups, removes a significant contribution to Tm
relaxation. Using spin label 3, Tm of a dried trehalose glass
of T4L at Q-band increased to 920 ns, which was sufficient
for DEER. The data were collected in 3 days at 295 K. The
fast repetition rate allowed acquisition of 2900 scans during
this time period. For the T4L samples immobilized in treha-
lose glass at 295 K, the longer Tm for spin label 3 than
for MTSL is consistent with prior observations that Tm
is significantly longer for a spirocyclohexyl nitroxide
(1.8 ms) than for MTSL (1.2 ms) in a polyvinyl alcohol
borate glass (11).
A Tikhonov parameter of a ¼ 100 was used to fit the
room-temperature dipolar evolution curve. The background
subtraction and Pake pattern (Fig. 5, A and B) are compara-
ble to DEER collected at a lower temperature (Fig. S5). The
dominant distance obtained (3.2 nm) is in good agreement
FIGURE 4 Background-subtracted DEER data
at 80 K (A, black) and 160 K (B, black) for T4L
labeled with 3 in 24% glycerol. Tikhonov fitting
is shown in red. The distance distributions (C)
were similar at 80 K (black) and 160 K (gray)
for each double mutant. To see this figure in color,
go online.
Distance Measurement at Room Temperature 1217with that obtained in 24% glycerol glass (3.0 nm) at 80
and 160 K (Table 2). Several factors contribute to broad-
ening of the distribution observed for the room temperature
of DEER. The shoulder in Fig. 5 D suggests the presence of
additional rotamers at room temperature, and there likely is
residual motion of the protein and spin label at this temper-
ature (31). The data in trehalose were fit with a ¼ 100,
whereas the data at 80 to 160 K in 24% glycerol were fit
with a ¼ 10, which corresponds to a sharper distance
distribution.DISCUSSION
For each of the three doubly labeled proteins the distances
obtained by DEER are temperature independent between
80 and 160 K (Table 2). Distances for T4L labeled with
3 are in good agreement with distances obtained by DQC
at 77 K for T4L labeled with MTSL at positions 61/135
and 65/80 (31), which indicates that for these samplesTABLE 2 Distances in nm for samples studied by DEER and
analyzed using Tikhonov regularization in DEERAnalysis2011
Matrix 80 K 160 K 295 K DQC distancea
61/135 24% glycerol 4.7 4.7 N/A 4.7
65/135 24% glycerol 4.0 4.0 N/A 4.6
65/80 24% glycerol 3.0 3.0 N/A 3.0
65/80 Trehalose 2.9 N/A 3.2 N/A
Distances measured by DQC for T4L labeled with MTSL at 77 K (31) are
included for comparison.
aDistances measured for MTSL spin label.the spin-labeled side chains of 3 adopt conformations
similar to those for the widely studied MTSL. The dis-
tances measured for T4L spin labeled at positions 65/135
differed between the DEER measured here and the prior
DQC measurement. The 4.0 nm distance measured by
4-pulse DEER (Table 2) correlates more closely to theFIGURE 5 Room temperature DEER of T4L 65/80 labeled with 3 in a
glassy trehalose matrix: raw data (A, black) with background subtraction
(A, red); Pake pattern (B, black) with Tikhonov regularization fitting, a ¼
100 (B, red); background subtracted raw data (C, black) with Tikhonov
fitting (C, red); distance distribution (D). To see this figure in color, go
online.
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1218 Meyer et al.distance measured for the same double mutant using 5-
pulse DEER, which was 4.3 nm (32). The shoulder present
in the distance distributions at both temperatures for this
sample (Fig. 4 C) suggests that two rotamers may be pre-
sent in this sample, one of which is a closer match to the
DQC data. It is probable, therefore, that the samples stud-
ied here adopt protein or label conformations upon freezing
that differ from the samples studied by DQC (33). Similar
bimodal distributions have been reported in prior studies of
doubly spin-labeled T4L (31). Flash freezing of the 24%
glycerol glass may select a smaller range of rotamers for
65/80 than for other labels, which may explain the much
narrower distance distribution for 65/80 than for other pairs
of labels (Fig. 4).
Shoulders present in the distance distributions for T4L
65/80 dried in trehalose measured at both 80 and 295 K
also suggest additional rotamer conformations. The domi-
nant conformation for the room temperature measurement
(Fig. 5 D) appears to be present in the distance distribu-
tion from the 80 K measurement, and vice versa. Again,
flash freezing of the sample for 80 K measurement may
select a different set of label conformations than the sam-
ple that was equilibrated slowly at room temperature
(33).
The weak temperature dependence of Tm for 3 between
80 and 160 K demonstrates that replacement of the methyl
groups of MTSL with spirocyclohexyl groups dramatically
lengthens Tm for fully immobilized nitroxides. Even with
3, local motion decreases Tm at room temperature suffi-
ciently to limit the available time window for DEER data
acquisition. Provided that the matrix is sufficiently rigid to
limit global motions of the protein, local motions of the la-
bel are likely to dominate dephasing. The next challenge for
development of nitroxides for room temperature DEER ex-
periments is to decrease the mobility of the side chain that
attaches the label to the protein.CONCLUSIONS
PDS is a powerful tool for structural studies of biological
macromolecules that has been greatly enhanced by site-
directed spin labeling. Gem-dimethyl groups on the
commonly used nitroxide spin label, MTSL, contribute to
shortening of Tm, which in turn limits the achievable acqui-
sition window. In this work, we show that removal of the
methyl groups significantly increases Tm and allows for
measurements at higher temperature. This enhancement is
highlighted through DEER measurement at room tempera-
ture, where Tm for a typical nitroxide is too short to obtain
a signal. The leap from 80 K DEER measurements to
room temperature is an important step toward DEER mea-
surement in physiological environments. The current funda-
mental requirement for DEER of protein immobilization
provides additional avenues toward improvement of the
technique.Biophysical Journal 108(5) 1213–1219SUPPORTING MATERIAL
Supporting Materials and Methods, five figures, one table, and synthetic
methods and characterization of label 3 are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(15)00078-8.
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